Abstract
Introduction tobacco) or by their chemical compositions (e.g., saccharides, esters, acids, and aldehydes). Sucrose or sucralose is added for the sweet taste in e-liquids and sugar alcohol (e.g., ethyl maltol) is used for the sweet fragrance [27] [28] [29] . In a previous study, it was shown that the viscous base is a major cause of unintended compositional error during manufacturing and bottling processes [26] . E-liquids, especially those made from glycerin (1.412 Pa•s) have high viscosity properties. Aerosols generated from these e-liquids are likely to adhere to exposed surfaces. These surfaces include soft and hard tissues in oral cavity, nasal cavity, pharynx, epiglottis, larynx, trachea, lung (directly) and skin, hair, clothing, and indoor living spaces (indirectly). The interaction between the viscous aerosol and oral cavity is of particular interest for several reasons: (i) dental professionals have long been aware of the danger of tobacco products and nicotine on oral health, (ii) the oral cavity which includes lips, gingiva, teeth, palate and tongue is the first organ to directly interact with the e-cigarette aerosol, (iii) changes in tissue surface characteristics from eating glutinous food (e.g., caramels, licorices, or sour candies) and high sucrose intake (e.g., sodas) can lead to negative health consequences in oral cavity. Many e-liquids share similar physical and chemical properties to sugary and gelatinous foods that have been proven to be major risks for dental caries [30, 31] , and recently (iv) a population-based cross-sectional study revealed that daily use of e-cigarettes is independently associated with poor oral health [32] .
Although the etiological role and infectious transmission of Streptococcus mutans in the development of dental caries have been discovered more than 50 years ago [31] , dental caries continues to be the most prevalent infectious disease in humans, affecting 97% of the world population during their lifetimes [33] . The persistence of the disease stems from the fact that dental caries cannot be attributed to a single cause. Dental caries progresses by pathogenic oral bacteria, such as S. mutans, metabolizing fermentable carbohydrate (e.g., glucose, fructose, sucrose, and maltose) to produce lactic acid [34] . At low or moderate concentration of the acid, saliva and components in saliva buffer and neutralize the low pH in oral environment [35] . However, excessive intake of sucrose disturbs the dynamic balance between pathological and protective oral factors and leads to an acidic environment where it is beyond the normal saliva buffering capacity [34] . The prolonged low pH condition promotes survival of aciduric and acidogenic bacteria such as S. mutans which have developed the ability to thrive in an acidic environment [36] [37] [38] . S. mutans also produce glucosyltransferases (GTFs) to catalyze synthesis of Intracellular Polysaccharides (IPS) and Extracellular Polymeric Substances (EPS) from sucrose [39] . These EPS significantly contribute to the formation and structural stability of oral biofilm [40] . The biofilm (AKA dental plaque) is shown to enhance attachment and protection of oral bacteria, and aid in retaining physiological nutrients including essential metal ions [41] [42] [43] [44] . The accumulation of negative consequences and the formation of cariogenic biofilm eventually lead to break down of hard tissues (enamel and dentin) of teeth [34, 45] .This study was designed to systematically evaluate whether aerosols generated from highly-characterized reference e-liquids with various sweet flavors can produce bacteria-initiated demineralization on healthy human enamel surfaces. The Universal Electronic-Cigarette Testing Machine (UECTM) was optimized to simulate human physiological parameters. A novel visualization method to quantify e-cigarette aerosol droplets and a sample preparation protocol to increase reproducibility in enamel surface adhesion measurement were developed.
with the University of Maryland, Department of Chemistry [26] . For all experiments, a commercial sub-ohm tank (Aspire Cleito: 0.2 O Kanthal coil with cotton wick) was used. Due to low resistance heating coils, sub-ohm tanks are designed to be run at higher wattages than previous generation devices. In this study, aerosols were generated at a power setting of 3.14 V (total of 49.2 W based on P = V 2 / R) determined by the manufacturer's manual (capable up to 55-70 W) and online "vaping power charts". Each atomizer was used for 750 puffs (approximately 5 d usage) and replaced thereafter. If discoloration, excessive heat or abnormal sound was observed, the atomizer was immediately discarded and replaced. The entire e-cigarette system was disassembled, thoroughly cleaned with de-ionized H 2 O (diH 2 O), and dried after each experiment. Aerosols were generated using the published physiological human e-cigarette puffing topography: 50 mL puff volume in 4 s puff duration every 18 s [46] . For this study, we defined 10 puffs as one vaping session [47] and 150 puffs as one-day use ( % 3mL / day) [48] .
We acknowledge that no machine testing regime can represent all human vaping behavior and there is great variability across different users and devices.
E-liquid formulation
Flavor-free reference e-liquid was prepared following our previous work (20/80 propylene glycol/glycerin (by volume fraction) with 10 mg/mL nicotine) [26] . To increase reproducibility, gravimetric method was used (0.410 g propylene glycol, 2.000 g glycerin and 20.0 mg nicotine) [26] . The following flavors were added to the reference e-liquids separately: ethyl butyrate (11.1 mg/mL); ethyl maltol (27.2 mg/mL); hexyl acetate (2.5 mg/mL); sucralose (2.0 mg/mL); and triacetin (11.6 mg/mL) ( Table 1) . The flavored e-liquids were mixed for additional 24 h using a vertical rotator at 0.5 rad/s. Selecting 20/80 propylene glycol/glycerin ratio was based on a previous study [49] and understanding that newer, high-wattage sub-ohm tanks are designed to be compatible with high glycerin e-liquids [50].
Gas chromatography-mass spectrometry (GC-MS) analysis
Chemical by-product identification was performed using PerkinElmer Clarus 680 Gas Chromatography-Mass Spectrometry (GC-MS) Detection (PerkinElmer, Waltham, MA) fitted with a Velocity DB 5 column (PerkinElmer N9306325). Testing parameters of the Gas Chromatography (GC) method were as follows: Sampling method = manual headspace, Inlet temperature = 210˚C, Carrier gas = 1.43 L/min, Split = 1:5, Temperature ramp = initial: 40˚C, hold 3 min, 6˚C/min to 300˚C, hold for 3 min, and Total analysis time = 49.33 min. Testing parameters for the MS method were as follows: MS detector = PerkinElmer Clarus, ionization source = El, Polarity = positive, Mass range = (44 to 600) m/z, Acquisition type = centroid, Solvent delay = (0.00 to 2.00) min, and Analysis time = (2.00 to 49.30) min. Flavors are described using their names, chemical and physical properties, and reported [28, 29] and actual concentration used in this study. The reference e-liquids are prepared using a published research on standard development [26] . Uncertainty value of measurement is ± 0.1 mg.
Bacterial strain and culture conditions
Streptococcus mutans UA157 (ATCC) was used for all experiments. Frozen cells were plated on a 100 mm Brain Heart Infusion (BHI) agar plate. After overnight incubation (37 o C and 5% CO 2 ), a single colony was inoculated in 3 mL BHI liquid media. BHI liquid media was used for all planktonic growth assays. 75 μL of the media with bacteria was transferred to a 96 well flatbottomed plate.
Preparation of enamel disks
American Dental Association (ADA) Institutional Review Board has reviewed and approved the following study (MML-16-0052). Human teeth were collected during routine third molar extractions due to clinical indications, not for research purposes. Teeth were part of discarded surgical tissues and did not contain patient identifiers. Once extracted, teeth were pooled into a collection container and it was not possible for the investigators to identify the donors. Caries-free teeth were sectioned parallel to the long axis (average 5 mm thickness) and embedded in a 44 mm diameter x 5 mm thickness VariDur mounting acrylic resin (Buehler). The top of enamel disks was polished using grid 1000, 1200, 2400, and 4000 silicon carbide papers (Struers) under streaming water and which was followed by polishing with 3 μm and 1 μm sized polycrystalline diamond pastes (MetaDi, Buehler). The directionality of the disks was rotated 90 o in between grid changes. The quality of polishing was checked using a light metallurgical microscope (Nikon) at 40X magnification. A proper polishing step is a major component of reproducibility. The samples should not be under-or over-polished. The polished disks should have uniform orientation and be free of cracks, deformations, scratches, steps and slopes. The direction of enamel rods should be carefully considered when selecting which part of the disks is to be measured. The final disks had tooth surfaces exposed from the top and bottom. This is important to improve reproductivity in subsequent hardness measurement.
Micro-indentation hardness tests
All measurements were performed using Knoop hardness number (KHN) following American Society for Testing and Materials (ASTM) testing methods E92-16 and E384-16. The mounted disks were placed under the Knoop indenter of a micro-indentation hardness tester (BuehlerWilson Knoop/Vickers Hardness Tester, Tukon 1202) and subjected to a load of 50 g for 10 s.
Hardness was determined at five sites between the surface of the tooth to the Dentino-Enamel Junction (DEJ). After e-cigarette exposure and subsequent bacterial attachment, another sets of KHN measurements were made on each disk on parallel tracks approximately 100 μm apart [51, 52] . The disks were thoroughly cleaned with diH2O prior to post-exposure measurement and blotted carefully with Kimwipes while avoiding desiccating the disks.
Biofilm formation assay
To form biofilm, we used the standard O'Toole-Kolter protocol [53] . Overnight culture was inoculated in Biofilm Formation (BF) media (25% TSB + 5 mg/mL yeast extract + 30 mol/L sucrose) [54] . S. mutans were allowed to attach to the surface and collected at 4 h. Unattached cells and media were removed, and the plates were washed with diH 2 O twice. 5 mL of 0.1% crystal violet solution was added and stained the attached cells for 15 min. Crystal violet solution was removed and the plates were washed with diH 2 O twice. The plates were dried in a biological safety cabinet overnight. 5 mL of 30% acetic acid (by volume) was added and incubated at room temperature for 15 min. 75 μL of the solubilized crystal violet solution was transferred to a 96 well flat-bottomed plate. Absorbance was measured at 550 nm using a plate reader (SpectraMax, Molecular Devices).
Scanning electron microscopy
Enamel disk samples were washed with PBS and stored at -80˚C for 24 h. The samples were transferred and freeze dried in a pre-chilled lyophilizer (Freezemobile 25XL, VirTis) for 24 h. The dried samples were mounted on Scanning Electron Microscope (SEM) aluminum stubs and sputter coated in gold (Desk V HP, Denton Vacuum). The samples were imaged using SEM (JSM 5300, JEOL) with following parameters: Secondary Electron Imaging (SEI), 10.0 KV at 50X, 1,500X and 10,000X magnifications.
Aerosol droplet quantification
A UECTM was programed with the specified physiological parameters as described in the Study Design section. Aerosols were exposed on non-reflective vinyl surface (3M Temflex 1700). The exposed surface was captured with a stereoptical light microscope (Leica MZ16). Aerosol droplets were quantified using ImageJ (NIH) "Analyze Particles" feature from three randomly chosen locations. The averaged aerosol droplet counts were compared among (0, 10 and 150) puff samples.
Metal quantification
E-cigarette aerosol (150 puffs) was collected in 30 mL of 2% ultra-pure nitric acid using a gas condenser (Pyrex 1760-125). Inductively Coupled Plasma with Optical Emission Spectrometry (ICP-OES) analyses were performed as described previously [26] . The presence of 12 metals was evaluated: cadmium (Cd), calcium (Ca), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), magnesium (Mg), manganese (Mn), nickel (Ni), palladium (Pd), and silicon (Si). The final results are shown in concentration (mg/L) after considering the dilution factor of the collecting liquid medium. Nitric acid was used during the metal quantification only.
Atomic force microscopy
The adhesive force between S. mutans and enamel surface was measured by a single-cell force spectroscopy through the atomic force microscope (AFM, Model: Bruker BioScope Resolve). Bruker NP-O10 cantilever probe with spring constants (k) of 0.06 N m -1 was used for the functionalization of cantilever tip. The cantilever was immersed in 10 mmol/L Tris-HCl buffer solution (pH 8.5) containing 4mg/mL dopamine hydrochloride for 1 h. In the force spectroscopy, the dopamine-coated cantilever tip was used to attach a single S. mutans cell, then the tip was pressed against the control or aerosol exposed enamel surfaces. The adhesive force was measured by separating the cell from the enamel surface at a pulling rate of 1 Hz.
Statistical analysis
Concentration, absorbance, adhesion force and count were quantified using mean±standard deviation (S.D.) from three independent measurements. Each experiment was performed in triplicate and was repeated at least three times. All statistical analyses were conducted using the MaxStat 3.6 statistical software (Jever-OT Cleverns, Germany). The significant level was indicated as p < 0.05 ( Ã ), p<0.005 ( ÃÃ ), or p<0.0001 ( ÃÃÃ ).
Results

E-cigarette deposits fine aerosol particles on surfaces
To characterize e-cigarette aerosol, we used a Universal Electronic-Cigarette Testing Machine (UECTM) and reference e-liquid to generate (10 and 150) puffs, set at the predetermined physiological parameters (50 mL puff volume in 4 s puff duration every 18 s) [46] . Several surfaces were evaluated, and it was found that non-reflective vinyl surface (3M Temflex 1700) gave the least background interference when a stereoptical light microscope (Leica MZ16) was used for imaging (Fig 1A) . Aerosols from (0, 10 and 150) puffs deposited (5.7 ± 5.0, 175.5 ± 12.7, and 1051.25 ± 59.4) aerosol particles / mm 2 respectively (Fig 1B) . Diameters of the visible particles ranged from 1.3 μm to 30.5 μm.
E-cigarette generates viscous aerosol and promotes Streptococcus mutans attachment
To test if e-cigarette aerosol leads to a biologically-relevant surface change, human tooth enamel disks were exposed following the standard protocol as described in the Study Design.
Using the single-cell force spectroscopy, the adhesive force between S. mutans and enamel surface was measured under three different conditions: control (no exposure), 10 and 150 puffs. It was found that the adhesive force between the pathogenic bacteria and enamel surface increased significantly with 10 puffs (p < 0.0001) and 150 puffs (p < 0.0001) aerosol exposure compared to the unexposed control (Fig 2) .
Certain flavors increase biofilm formation
Dental plaque is a biofilm found on natural teeth. Dental plaque is implicated in dental caries which is associated with a shift in the balance of healthy oral microbiome, resulting in dysbiosis favoring disease-promoting bacteria including acid producing S. mutans [55] . The purpose of this study, therefore, was to test the effect of different e-cigarette flavor exposure to S. mutans biofilm formation. Five e-liquid flavors were pre-selected based on their high potential for cariogenicity (e.g., sweetness or low pH) and a previous study [28] which analyzed 30 commercial products: hexyl acetate (apple/plum), ethyl butyrate (pineapple), sucralose (sugar substitute), triacetin ("velvety" or "smoky" flavor) and ethyl maltol (cotton candy). Individually the five flavored e-liquids were aerosolized following the standard protocol as described in the Study Design. After forming biofilms, the amount of biofilm on each plate was quantified using the O'Toole-Kolter method. Four out of five flavors (sucralose, ethyl butyrate, triacetin, hexyl acetate) increased biofilm formation significantly compared to unflavored e-liquid control. Interestingly ethyl maltol, sugar alcohol, decreased biofilm development significantly compared to the control (Fig 3) .
E-cigarette aerosol occupies pits and fissures of human teeth and promotes bacterial attachment
To characterize how e-cigarette aerosol interacts with complex biological surfaces, caries-free extracted teeth (without polishing or cutting) were exposed using the standard protocol. After a 24 h incubation with S. mutans, a Scanning Electron Microscope (SEM) was used to visualize smooth surfaces, pits, and fissures-three areas on tooth enamel surface where bacteria can attach, form a biofilm, and lead to dental caries. Generally, bacteria were found more frequently in aerosol exposed pits and fissures compared to the unexposed controls (Fig 4) . The aerosol exposed smooth surfaces also had more S. mutans compared to the unexposed control smooth surface but to a lesser degree than pits and fissures (Fig 4) . Once S. mutans occupied pits and fissures, the oral bacteria thrived and formed very complex biofilm by secreting EPS (Fig 5) .
Certain flavors demineralize enamel and decrease tooth hardness
To determine if flavors in e-liquids will increase demineralization of healthy enamel surface, the hardness of the surface was compared among enamel disks exposed to five different e- liquid aerosols (Fig 6) . The baseline values were recorded by measuring hardness (three enamel disks per condition, five random locations per disk) prior to the aerosol exposure. The enamel disks were exposed using the standard protocol. After a 6 h incubation with S. mutans, the hardness of the disks was re-assessed by performing new indentations within 100 μm from the initial indents (prior to aerosol exposure). The percentage hardness loss (%) for control, sucralose, ethyl butyrate, triacetin, hexyl acetate, and ethyl maltol were (0.0004 ± 6.4, 8.6 ± 5.8, 15.4 ± 4.0 (p<0.05), 27.4 ± 7.1 (p<0.005), 21.5 ± 5.7 (p<0.005) and 7.8 ± 2.0) %, respectively. 
E-liquid base and flavors break down to smaller chemical by-products upon heating
Aerosols from control and five reference e-liquids were characterized using Gas Chromatography-Mass Spectrometry (GC-MS) ( Table 2) . Propylene glycol, nicotine, 2-propanol, diphenyl ether and nicotyrine were identified in aerosols generated from all six e-liquids. Generally, upon heating, e-liquids broke down to several alcohols, aromatic hydrocarbons, carboxylic acids, esters, aldehydes, ureas, carbonyl compounds, and ethers. Each flavor had at least one chemical by-product that was not present in the control aerosol (indicated by an asterisk). Ethyl maltol produced the most unique chemical by-products and sucralose aerosol had the least. Table 2 also contains Signal-to-Noise (S/N) ratios which are based on Total Ion Chromatogram (TIC) intensity peak values. S/N ratio is important parameter for sensitivity and chromatography quality evaluation. The chemical by-products shown in Table 2 are based on detectable peaks and suggested by the NIST Mass Spectral Library. https://doi.org/10.1371/journal.pone.0203717.g004 https://doi.org/10.1371/journal.pone.0203717.g005
Electronic cigarette and dental caries
Sub-ohm e-cigarette aerosol contains metals
To identify types of metals in e-cigarette aerosol, Inductively Coupled Plasma with Optical Emission Spectrometry (ICP-OES) analyses were performed on 7.5 L (150 puffs) aerosol samples generated using the flavor-free reference e-liquid, a sub-ohm (0.2 O) heating element with a cotton-based wick. The presence of calcium (0.409 ± 0.002) mg/L, copper (0.011 ± 0.001) mg/L, iron (0.0051 ± 0.0003) mg/L, magnesium (0.017 ± 0.002) mg/L, and silicon (0.166 ± 0.005) mg/L was confirmed from the analysis of the aerosol. In contrast to previous findings, the new sub-ohm device did not emit lead or manganese [26] . The levels of cadmium (Cd), cobalt (Co), chromium (Cr), nickel (Ni), and palladium (Pd) were below the limit of ICP-OES detection. The results are summarized in Table 3 with the National Institute of Occupational Safety and Health (NIOSH) Daily Exposure Limit information.
Discussion
Dental caries is a complex disease with many etiological factors including host genetics, oral microbiome, immune system, diet, oral hygiene, salivary function, community water fluoridation, and access to quality dental care [56] . The direct correlation between diet, especially the quantity of sucrose intake, and dental caries incidence has been intensely researched and supported by many studies [56, 57] . In addition to the quantity of sucrose intake, how it is delivered (e.g., sugar mixed in acidic beverages), how often it is delivered (e.g., sipping sugary beverage over an extended time), and how long the sucrose is in contact with the hard tissue surface (e.g., hard and sticky candies can lead to longer sucrose exposure in the oral cavity) can further increase the risk of initiation, progress, and severity of dental caries [58, 59] . Although there is strong scientific evidence showing that a diet high in sucrose is the most important factor in caries development, the similar sugary and acidic flavors (e.g., saccharides, esters, acids, and aldehydes) found in e-liquids have not been studied to the same extent. Since the main route of intake and sensory perception of foods (mastication via oral cavity to gastrointestinal tract) and e-liquids (inhalation via oral cavity to respiratory tract) are not exactly the same, caution should be taken when flavors of e-liquids are compared to actual foods and beverages. However, identification of specific flavors that increase cariogenic potential will facilitate the development of the oral health risk assessment of e-cigarette use and provide scientific evidence that there may be unintended consequences of using e-cigarettes. In this study, Streptococcus mutans was exposed to flavored e-liquid aerosols to identify specific flavors and chemical by-products that may increase tooth surface damage. Through a combination of pure reference e-liquid and GC-MS based analysis, we discovered that ethyl butyrate, triacetin and hexyl acetate and their respective chemical by-products increase cariogenic potential. Ethyl butyrate, hexyl acetate, and triacetin are different types of esters. Ethyl butyrate possesses a strong pineapple scent and is naturally produced in many fruits [59] . Interestingly, several oral bacteria including Streptococcus salivarius and Lactococcus lactis actively produce ethyl butyrate [60] . This indicates S. mutans is frequently exposed to ethyl butyrate in oral biofilm and at minimum tolerates or as suggested by the results, can enhance biofilm development in response. Hexyl acetate has not been studied in the context of oral biofilm, dental caries or S. mutans. However, Streptococcus, Actinomyces, and Lactobacillus via classic glycolysis metabolize carbohydrates to acetate in oral biofilm [61] . With acetate being one of final principle products formed by biofilm bacteria [62] , it is expected that S. mutans is able to thrive in an acetate-rich environment. Triacetin is found in fruits and cigarette filters and has a "velvety" or "smoky" flavor. Triacetin is mainly used as a food additive, humectant, plasticizer, and anti-knocking agent but not much is known in the context of oral biology [62] . It is, however, well known that S. mutans has esterase activities that degrade monomers in dental restorative materials such as resin composites and adhesives [63] . Based on these data, it is proposed that esters in e-liquid flavors provide an additional food source for S. mutans to flourish in oral biofilm environment. However, further metabolomic analysis should be performed to validate the findings described here. Further examination of the biofilm assays, mechanical testing (adhesion force and hardness measurement), and SEM images show complex surface changes and biological responses upon e-cigarette aerosol exposure. The results demonstrate that an e-cigarette produces viscous aerosols which cover enamel surfaces. Surface characteristics such as surface roughness, tackiness, charge, and energy have a significant impact on how bacterial cells adhere to surfaces and subsequently form biofilm [64] . The data shown in this study are consistent with previous studies that adhesion of S. mutans to surfaces can be influenced by several factors (e.g., presence of acquired pellicles, salivary proteins, specific glucan synthesis, cell surface proteins, other oral bacteria and availability of sucrose) [65] [66] [67] . This study confirms that S. mutans-tosurface interactions can be altered by e-cigarette aerosols. Previous studies have shown that S. mutans are able to exploit the initial attachment to tooth surfaces by secreting Extracellular Polymeric Substances (EPS) [68] [69] [70] . EPS allow S. mutans to encapsulate itself on the surface, start multiplying in number and eventually forming biofilm [71, 72] . S. mutans in biofilm can rapidly metabolize carbohydrates into lactic acid, creating locally a low pH, leading to demineralization of enamel surface [56] . Our SEM and micro-indentation hardness analyses suggest that S. mutans attach to the e-cigarette exposed surface, metabolize e-liquid base and flavors to secrete EPS and rapidly form biofilm which demineralize the e-cigarette exposed enamel surfaces. Demineralization of enamel is of great importance to oral health because the demineralization is the first step of dental caries development.
S. mutans have evolved to survive in challenging environment by developing remarkable metabolic flexibility [73] . In this study, levels of 12 metal ions in e-cigarette aerosol have been measured. At a high concentration, metals can be toxic to bacteria and humans, though, at physiological levels, metal ions may serve as nutrients required for many important biological processes [73] . Oral bacteria including S. mutans require metal ions (e.g., copper, iron, and magnesium) as a co-factor to activate essential enzymes [73] . Pathogenic bacteria also have evolved numerous mechanisms for essential metal uptake to circumvent the host's immune system [73] . By ICP-OES analyses, the following metals in e-cigarette aerosol were identified: calcium, copper, iron, magnesium, and silicon. Calcium, iron and copper ions are well-known modulators in biofilm formation and enamel remineralization / demineralization processes [74] [75] [76] . S. mutans is known to have a nutritional requirement for magnesium [77] . Our data suggest that the level of metals is well tolerated by S. mutans following the e-cigarette aerosol exposure as described in the Study Design.
The non-linear correlation between the absorbance data and the hardness loss data indicate that the mechanism of bacterial growth and enamel demineralization is complex. Therefore, in addition to the bacteria-initiated damage to the enamel surface, the chemical by-products may influence the hardness of the surface directly. Previous studies have demonstrated acidic drinks, citrus suckling behavior, and bulimia can lead to enamel surface damage directly [78] .
Using AFM, it was found that the adhesive forces between S. mutans and enamel surface increases as a function of number of puffs. It was also found that with 10 puffs, aerosol droplets were evenly distributed which was verified by the force measurement and light microscope images. However, as the number of puffs increased, aerosol droplets started to aggregate, which may explain the larger variation recorded from 150 puff samples. Whether the local accumulation of droplets can be recapitulated in in-vivo system and whether it has important biological implications remain to be seen.
Ethyl maltol has a distinctive fragrance that resembles cotton candy. It is one of the strongest fragrances tested in this study and remains a popular additive among commercial e-liquids. It was unexpected to find that ethyl maltol in e-liquids acted as a potent antimicrobial agent against S. mutans. Although ethyl maltol was not investigated as a therapeutic antibiotic, Schved et al. have shown that ethyl maltol destabilizes the outer cell membrane of E. coli by chelating Mg 2+ and/or Ca 2+ in a pH dependent manner [79] . Thus, it is plausible that ethyl maltol may interfere with S. mutans cell membrane integrity in a similar fashion. There are several limitations to this study. The primary limitation of this study is that the oral microbiome is a complex network of several hundred bacteria species. In this study, the biological responses were characterized only from one organism, Streptococcus mutans, a major cariogenic bacterium in oral cavity. Since other oral bacteria have different nutritional requirements and can tolerate different levels of environmental challenges such as pH changes or chemical exposures, they may respond differently to the flavored e-liquids tested here. Although the reference e-liquids intentionally used only one flavor per e-liquid, commercial eliquids contain several additives, including sucrose, sugar substitutes and acids, some at much higher concentration [27] [28] [29] 80 ]. This suggests that the actual damage to the tooth enamel surface may vary with the constituents present in e-liquids, and could be higher or lower than measured in this study. Since e-liquid undergoes thermal degradation when aerosolized, the concentration of flavors in the resulting aerosol may be different from the concentration of flavors in the starting e-liquid. For example, Rosbrook et al. reported that the amount of sucralose in aerosols can be altered by e-cigarette delivery systems such as wick design and size of mouthpiece, and interestingly, not necessarily by voltage or resistance of the metal heating element [81] . This suggests that (1) the concentration of flavors in aerosols may be difficult to predict without actual experimental quantification, and (2) the concentration of flavors in aerosols depends on the constituents of the starting e-liquid as well as the design of the device. Recently, Krusemann et al. systematically classified commercial e-liquids into a comprehensive chart AKA "E-Liquid Flavor Wheel" [5] . The flavor wheel suggests there may be other flavors (e.g., alcohol, honey, or vanilla) which could damage tooth enamel as well. A limitation of the study is that the bacterial culturing protocol could not directly incorporate human saliva (for its buffering ability to counteract low pH challenges) into the in-vitro experimental design. To counteract this limitation, S. mutans were grown in buffered media. Although ICP-OES data suggested that the level of metals was below the National Institute of Occupational Safety and Health (NIOSH) Daily Exposure Limit (Table 3) , the experimental conditions were ideal and conservative as possible. This was intentional to improve transparency and reproducibility of the research methods described in this study. In-vivo metal levels may vary depending on devices, e-liquids, flavors, puff and inter-puff durations, heating element resistance, wattage of the system and user's behavior patterns (e.g., compliance to the manufacturer's instruction). It is possible that the chronic metal exposure even at a low to moderate levels may lead to unintended microbial dysbiosis causing negative health consequences [82] [83] [84] [85] . Finally, humans' flavor perception is a complex neurophysiological phenomenon. Perceptions of the flavors of foods or beverages reflect information received from multiple sensory afferents, including gustatory (taste), olfactory (smell), and somatosensory fibers [86] . As such, some flavors in commercial e-liquids are added to enhance positive gustatory (e.g., sucralose) input or olfactory sensation (e.g. ethyl maltol) or a combination of both. Although descriptions of commercial eliquids may resemble actual foods or beverages, the similarity between two products is mainly achieved by manipulating the olfaction of the users through inhalation. A fraction of aerosols will be dissolved by saliva and transported to the sweet taste receptors mainly located on the tongue and palate of oral cavity. In this study, we primarily focused on bacteria-induced cariogenicity from certain flavors, chemical by-products and viscosity of glycerin. However, the impact of flavors in e-cigarette products on human health may be more significant than previously described.
Despite these limitations, this study provides insight into potential unintended negative consequences of vaping on oral health, specifically teeth. Although tooth enamel is the hardest mineralized tissue in human body, once damaged beyond salivary buffering capacity, it has no way of regenerating itself. Based on the results and aforementioned limitations, there are at least two immediate needs to advance this work: (1) clinical investigations should be performed to confirm and translate the data shown here, and (2) case studies based on clinical observations from oral health providers will greatly enhance our understanding of the real cost of e-cigarette on oral health.
Conclusions
A novel finding of this study is that certain e-liquid ingredients interact with hard tissues of the oral cavity in such a way that resembles high-sucrose candies and acidic drinks that adversely affect teeth. This is an important finding that suggests the complexity of e-cigarettes on human health goes beyond respiratory and cardiac systems and may have significant implications on oral health. It is a common perception among e-cigarette users that vaping is less harmful or is without health risk. Though it is acknowledged here that e-cigarette aerosols contain less harmful and potentially harmful constituents compared to combustible tobacco products, the data suggests e-cigarettes produce viscous aerosols that change surface characteristics and have biological consequences. Viscous e-liquids made from propylene glycol and glycerin, along with sweet flavors facilitate attachment and provide additional food source which pathogenic oral bacteria such as S. mutans prefer. Youth and young adults are a uniquely vulnerable population to dental caries due to their high-sucrose diet and poor to minimal oral hygiene practice [87] [88] [89] [90] . This study suggests that flavored e-cigarette products negatively affect teeth and pose potential oral health risk. These two facts advocate that there is an urgent need to further research e-cigarettes, e-liquids and flavors in the context of human health and disease.
